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ABSTRACT
Salcedo Lopez, Eduardo M.S.M.E., Purdue University, December 2017. A Study on
the Material Characterization and Finite Element Analysis of Digital Materials and
Their Applications. Major Professor: Jong E. Ryu.
Material jetting (MJ) additive manufacturing (AM) has experienced an increased
adoption in several industry areas and as well as research applications. One of MJs
distinct benefits is the ability to print tunable composites, digital materials (DM) by
carefully adjusting the ratio of droplets of heterogeneous base-polymeric inks. How-
ever, the lack of material information usable in computer simulations has hampered
its acceptance in some end-use applications.
For these materials to be used in Finite Element Analysis (FEA) simulations
the mechanical properties of the DMs need to be characterized into usable material
models. DMs printable with an MJ printer has a wide variety of materials properties,
ranging from flexible silicone rubber to rigid Acrylonitrile Butadiene Styrene (ABS).
Therefore, to cohesively express the mechanical behavior of the DMs it is necessary
to utilize non-linear material models.
The objective this research is to conduct physical testing to characterize the me-
chanical behavior of DMs printable with an MJ. Subsequently, to validate the effec-
tiveness of the material models for multi-DM prints. Utilizing the newly characterized
material models two use cases were investigated, with the goal of improving the per-
formance of printed parts through simulation.
In this study, an MJ printer was used to fabricate the test specimens as well as the
components used in the use case studies. The study was focused on the family of six
DMs printable from the mixture of the base polymers Tango Black+ (TB+) and Vero
White+ (VW+). To characterize the mechanical properties of the materials a tensile
test was conducted utilizing the KS-M6518 standard as a basis. The mechanical
xii
properties of the DMs were then fitted into four non-linear models and the results
compared. The fitted models were, the Neo Hookean model, a two-parameter, three-
parameter, and a five-parameter Mooney Rivlin model.
To confidently use the material models for multi-DM prints FEA simulations need
to validate the accuracy to which they can predict the deformation of the samples
under load. To compare the results of the computer simulations and the physical test,
strain maps for both results were analyzed. Four different test specimens were printed
and tested. A baseline single material samples were compared to three multi-material
samples with different embedded structures. The results confirmed the validity of the
material models even when used for multi-DM prints.
The recently characterized models are utilized in two use case studies which show-
case the potential of DMs. The first use case was focused on printing multi-DM sub-
strates for the use of stretchable electronics. The second use case investigated the
benefits of utilizing multiple materials to create 3D conductive traces utilizing a new
method, the swollen-off method. Both case studies showed the benefits of utilizing
DMs as well as the applicability of the material models in predictive simulations.
11. INTRODUCTION
1.1 Motivation
Additive Manufacturing (AM) is growing trend in industrial applications as well
as several research fields, however, in the area of computer simulations, the available
information is still lacking. Computer simulations require information pertinent to
manufacturing method and materials used, information that is either unknown or
not provided by the supplier. Material properties for parts created by conventional
methods such as subtractive and trans formative manufacturing are commonly known
and used in computer simulations making it easy to predict the behavior of finished
parts. The lack of information on the mechanical properties of parts created by AM
is a major technological barrier for its adoption in end-use applications.
Figure 1.1. A comparison between subtractive, and additive manu-
facturing methods.
2Current industry trends show the use of AM growing, specifically in the creation
of pre-production models and iterative prototyping. This growth, however, has not
translated into more end-use applications, with only a few cases of AM being used
for parts that go into final applications. These end-use applications tend to be low
production runs, bespoke parts or specific cases that make use of the benefits of AM.
As opposed to conventional subtractive or transformative manufacturing technologies,
AM can create complex free form geometries and internal hierarchical structures that
would otherwise be impossible to make [1].AM has seen adoption in fields that require
custom solutions not suitable for common mass manufacturing methods such as in the
medical [2–5], aerospace [6, 7] and research fields, from optics [8, 9] to microfluidics
[10, 11]. As the different AM technologies mature the range of printable materials
grows, and it becomes possible to print reinforced composites [12–14], conductive
materials [15–17], surgically implantable materials [18], and biological tissue [19, 20].
Furthermore, the ability to produce hierarchical structures at a small scales allows for
novel applications such as biomimetic designs that are easily implantable [21], and
novel structural metamaterials that have the capability of buckling on demand [22].
Research into new materials and the effects of complex structural arrangements
has increased tremendously both from manufacturers trying to provide better value to
the printers they sell and academics looking for novel applications to this technology.
Functionally graded materials (FGM) produced through AM have the distinction of
being an overlap of these two areas of research as they are created based on novel
structural and material mixture arrangements [23]. FGMs are advanced materials
that are volumetrically described by variations in composition and structure. There
are naturally occurring examples of these materials such as the structures of bones
which are naturally tailored to be lightweight yet sufficiently strong to withstand
heavy loading [24]. To achieve these two seemingly contradictory goals the bone is
structured in such a way that the external volume of the bone is composed of a
dense area of compact bone and the internal areas filled with a much lighter spongy
matrix of bone. Tailoring of engineered FGMs can lead to performance improve-
3ments for specific applications such as thin thermal barriers [25] and durable concrete
structures [26]. The tuning of properties is conducted by arranging the volumetric
distribution materials in a non-homogenously filled space. AM has facilitated the
creation of FGM, due to its inherent ability to produce complex structures at the
micron level. AM produced FGMs have great potential in the creation of hardware
and human interfaces, such as prosthesis sockets as they can produce more naturally
fitting devices. Fig. 1.2 shows how gradients between materials are used to create
FGMs. FGMs are made up of maxels, or voxels (volumetric units akin to a pixel in
2D) with specific material properties. Their arrangement gives the finished part its
specific properties.
Figure 1.2. Visual representation of an FGM transitioning from one
material to another
There are several areas were finely tunable FGMs would be extremely beneficial,
currently, there are few methods outside of AM that can achieve this. Its of great
importance to spur the adoption of AM in the design and production of parts that
might benefit from the use of these materials. The motivation of this research is
therefore to remove one of the biggest barriers to the adoption of AM for end-use
parts, which is the lack of accurate simulation models for FGMs produced by AM.
41.2 Additive Manufacturing
AM commonly referred to, as 3D printing, is process by which parts are created
by the continuous addition of material layer by layer. The method in which material
is added can vary widely depending on the chosen technology. As opposed to conven-
tional manufacturing methods, such as subtractive or transformative manufacturing,
AM minimizes the amount of material wasted. Furthermore, the inherent benefit of
creating a part bottom-up is that complex internal structures can be created and
in some cases multi-material distributions finely tuned. The freeform manufacturing
capabilities of AM make it suitable for the iterative process in which the design of
the components can be readily changed without much cost, or when custom one-off
parts are required. Fig. 1.3 shows a schematic of the AM process.
Figure 1.3. Schematic of the Additive Manufacturing process
The taxonomy of AM is divided into seven distinct manufacturing technologies
[27]. The distinction between each of these is down to the method in which material
is deposited onto the build volume.
Vat Photopolymerization (VP) utilizes radiation curable resins that on irra-
diation become solid. There are various methods of irradiation ranging from point
lasers, UV light, electron beams and light projectors. These systems tend to produce
some of the highest resolution, and homogenous material properties.
5Powder bed fusion (PBF) processes utilize a thermal source to induce fusion
between the powder particles contained in the build tray. Plastics, ceramics, and
metals are all printable with this method as long as the proper fusion mechanism is
used. Parts produced by PBF have comparable material properties as conventional
polymers, metals, and ceramics.
Binder Jetting (BJ), similarly to PBF, BJ works by solidifying powder found
in the build tray. Instead of utilizing a thermal source BJ utilizes a binder agent
to solidify the powder, these agents can contain different colors or become sacrificial
allowing for infiltration process to make denser parts.
Material Jetting (MJ) utilizing similar nozzle printing techniques found in
conventional 2D inkjet printers with the obvious distinction of being a layer by layer
additive method that creates 3-dimensional objects. The body of this research focuses
on this AM method and therefore will be thoroughly explained later.
Direct Energy Deposition (DED) works by melting material as it is being
deposited similarly to the wire welding process. DED tends to utilize metal powder
to build objects, the added benefit of these systems is that they can be built in such
a fashion that they can create objects larger than the printer itself.
Material Extrusion (ME) systems are the most popular due to their simplicity
and how inexpensive they are to build and sustain. ME systems work by heating a
material above its glass transition phase and extruding it out of a nozzle, this material
is then deposited on the print bed where it cools and solidifies, this is repeated layer
by layer until a 3D object is built.
Sheet lamination (SL) is unlike any other AM method, it relies on adding a
full layer of material cut into the intended shape and adhering it to the previously
deposited layers. The materials and adhesion methods utilized can vary greatly,
paper and adhesive systems have been commercialized, however, the most well-known
system relies on metal sheets and sonic welding.
61.3 Material Jetting and the technical barrier to the adoption of digital
materials
MJ works by selectively depositing droplets of uncured resin unto previously de-
posited layers and then curing them with the use of a UV lamp [28,29]. MJ printers
at a minimum consist of two sets of material jetting heads each containing hundreds
of nozzles, one for support material and one for build material. These nozzles utilize
piezoelectric actuators to selectively eject uncured resin onto the build platform. Fig.
1.4 shows an example of the working principle in MJ printing.
Figure 1.4. Schematic of the printing process for Material Jetting
By adding multiple jetting heads, the printer is able to create composite materials
by combining different resins prior to the photopolymerization phase. By adjusting
the mixture ratio between the base materials, different mechanical properties can be
achieved. These new composites, or Digital Materials (DM), can increase the amount
materials properties printable in a given MJ printer. One of the most common families
7of DMs are derived by mixing TB+ and VW+, these DMs can be tailored to have
material properties that range from silicon rubber to those of ABS. DMs have several
uses, they are the only way of producing over-molded parts in AM, they can be used
to print photorealistic parts and can also be used as a way of physically mimicking
any given material that falls within the material range.
The DM printing capabilities of MJ allow for micro-scale tuning of the material
properties of a part, which in turn makes it suitable for manufacturing Functionally
Graded Materials (FGM). These types of graded materials can be tailored to specific
use cases, therefore, improving their overall performance. Engineered FGMs had
previously focused on the creation of these materials through the usage of metal alloys
or foam materials which limits their use in some applications, such as hardware-user
interfaces, and small devices with complex structures.
In recent years, the usable portfolio of materials capable of being 3D printed has
expanded. New materials available range from advanced composites, FDA approved
materials and an extended gamut of photo-realistic color dyes. This has led to more
end-use parts being made with AM. Despite this growth in material availability, there
are applications where the lack of information on the material properties required to
run simulation testing impede the usage of AM, while physical testing would be pos-
sible the increased time and cost would be counterproductive to the usage of AM.
The velocity at which new materials are released has so far outpaced the amount
of information available on those same materials. Research has been conducted in
characterizing the mechanical properties of different AM technologies such as powder
bed fusion, material extrusion , and vat photo-polymerization. This has facilitated
the use of simulation software to predict the behavior of parts produced with these
technologies; consequently, these technologies have seen greater adoption in the in-
dustry.
8Research focused on AM printing methods can be grouped into three different
phases. Printer parameter studies, material characterization and novel applications.
The bulk of the research in each one of the phases usually occurs sequentially, however
it is not uncommon to see the effects of new parameters studied as they become
available.
The first phase, usually deals with studying the effects of print settings and pa-
rameters on the material properties of printed parts (usually tensile strength). These
parameters are unique for each AM technology, but some common ones are print
orientation, printing speed, and part aging. This occurs first as it is necessary to zero
in on the optimal printing parameters.
The second phase, focuses on the characterization of other the material proper-
ties. In this phase testing standards are utilized to fully describe the properties of
parts printed with a given technology.The mechanical, thermal, dielectric and optical
properties are some of the most widely researched.This phase allows for the creation
of material models that allow for computer simulations to be conducted. The third
phase deals with novel approaches to utilizing the specific AM process. These ap-
plications exploit the benefits of a given process to improve the performance on a
specific use case.
Figure 1.5. Additive Manufacturing research phases
9At this point in time most of the research conducted on the MJ process has been
focused on the effects of printing parameters on the final mechanical properties of
the printed parts. Moreover, the research has centered on the base materials and no
thorough body of research exists for DMs. Although this sort of research has yielded
a lot of information on the optimal orientations for printing parts, it hasnt made it
any easier to conduct computer simulations for MJ printed materials.
Examples of the studies conducted in the first phase of research deal with the
print factors that influence the material properties of the finished parts. Initially
low dimensional accuracy lead to the study of scaling factors set in the printing
software [30], something which has now been solved in new versions of the printing
software. The effects of part orientation and spacing have been the focus of several
studies [31–33]. Jochen Muller provides a helpful summary of some of the factors
that can influence the material properties of MJ [34], which are;
• X-Y position on the build tray
• Orientation of the part (in reference to the 3 axis of the part)
• Part spacing (when printing multiple parts)
• Material expiration date
• Warm-up time of the machine
• Cleanliness of the nozzles
• Storage time (time between print and testing)
• Storage conditions
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The characterization phase is of great importance as it allows for the creation of
mathematical models that describe the material properties of the printed parts. These
models are necessary requirements for conducting computer simulations. However,
this is by far the most laborious phase as each model describing a material property
requires a specific test, and this test needs to be conducted for each material desired.
Some of examples of the properties that have been studied so far are the Thermal [35],
dielectric [36], and surface properties [37] for some MJ materials. Additionally, other
mechanical properties like the fatigue [38], tensile [39] and relaxation modulus [40]
have been researched. Despite all of this research there is not a complete character-
ization of the mechanical properties that would allow for mechanical simulations to
be conducted using all the DMs available.
In the third phase there has been a growing interest in utilizing tunable material
distributions to enhance the performance of printed parts. Novel approaches to this
have lead to notable improvements in the design of tunable lap joints [41] and bespoke
prosthesis sockets [42,43].Other research areas such as topology optimization [44] and
soft robotics [45,46] are leveraging this technology to create devices that were previ-
ously not manufacturable. Additionally, researchers are utilizing MJ and biomimicry
to improve the performance [47] or tune the mechanical response [48] of printed parts
to their specific requirements.
In summary, the biggest obstacle stopping MJ from seeing greater adoption is
the inability to conduct accurate simulations. Currently, the mechanical information
provided by the manufacturer woefully inadequate to conduct any meaningful simu-
lation work. For MJ to be utilized in end-use applications material models the allow
for predictive simulation are of great importance.
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1.4 Objective
MJ is one of the most advanced AM technologies currently in use, with materials
displaying isotropic properties, low post-processing times, fast turnaround and the
ability of printing multi-material parts with ease. Despite all the benefits its adoption
has paled in comparison of other technologies such as material extrusion and powder
bed fusion.
The goal of this research is to characterize the mechanical properties and vali-
date the models required for utilizing DMs in finite element analysis. By comparing
different material models and model simplifications the research aims to present the
optimal solution for modeling these materials in computer simulations, with the intent
of accelerating the adoption of these novel materials into more fields and applications.
By confirming the validity of the models through comparison of simulations and
physical tests this research can also aim into present novel case studies were MJ
printed DMs improve the performance of different components and systems. Partic-
ularly, this research aims to show improvements in the field of stretchable electronics
by utilizing 3D tailored substrates to reduce stress concentrations at the interface
between rigid components and the elastic substrates. Additionally, a second case
study focuses on the benefits of multi-material prints in tandem with computational
designed structures to create 3D conductive traces through electroplating and the
swollen-off process.
1.5 Approach
This thesis is organized into six chapters following the overall flow of the research.
The first chapter is an introduction to the research topic with a focus on the state
of AM, and more precisely Digital Materials. A literary review on the subject is pre-
sented, culminating in a summary of the technical barriers preventing wide adoption
of these materials.
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Chapter 2 focuses on the characterization of the DMs, with information on the
testing standard, printer, and test specimens. Chapter 3 presents information on the
material models utilized in this study as well as the fitting procedures conducted.
Chapter 4 presents a validation of the newly found models by comparing simulation
results to those of physical testing. Strain maps generated in FEA simulation are
compared to those generated in the physical test by using a video extensometer.
Having confirmed the accuracy of the models during multi-material simulations
two use cases are studied in Chapter 5. In these case studies, the benefits of utilizing
DMs have also been explored as well as the advantages of running preliminary simu-
lations during the development process. Finally, Chapter 6 summarizes the results of
this research and presents recommendations relevant to future research on this topic.
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2. PHYSICAL TESTING
2.1 Physical tests
The goal of the physical tests conducted in this study is to create material models
that satisfy the input requirements for predictive numerical simulations in conven-
tional FEA software packages. The first phase of the characterization process shown
in Fig. 2.1, the tensile testing procedure, is explained and the results summarized.
Figure 2.1. Graphical summary of the material characterization con-
ducted in this study
2.2 Considerations and limitations of the characterization procedure
There are several considerations that must be considered when conducting char-
acterization tests on hyperelastic materials, these observations are applicable to a
certain degree to most elastomers.
1. The stress-strain response for the first time an elastomer is strained will be
unique and wont be repeated on further loading events.
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2. The stress-strain response for the elastomer will stabilize after several cycles of
loading.
3. The stress-strain response will change if a new maximum strain is experienced,
the response will again stabilize after repeated cycles at this new maximum.
4. There is a small amount of permanent deformation after every strain cycle. The
material will no longer return to zero strain at zero stress.
5. The compliance of the strain measuring tools (if in contact with the sample)
might affect the results.
2.2.1 Considerations for FEA models
Conversely, conventional FEA packages are unable to fully account for all of these
material considerations. Therefore, the tests must be chosen in a way that is most
representative of the end-use that the simulations are trying to replicate. If repetitive
loading at a certain strain is required, the tensile test should replicate these conditions.
Some of the limitations that need to be considered are:
1. The material models do not distinguish between the first and the nth straining
event, therefore the stress-strain response will be the same regardless of how
many strain events the part experiences.
2. The material model is unchanged regardless of the maximum strains experienced
by the part.
3. The models are unable to account for permanent deformation, therefore treating
the material as perfectly elastic.
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2.3 Experimental details
2.3.1 Materials
The specimens used in this test were designed based on the Korean Standard
M6518 for vulcanized rubber (Fig. 2.2), an equivalent to the ASTM D638 tensile
test standard most widely known in the USA. The samples were designed utilizing a
conventional computer-aided design (CAD) software SolidWorks (Dassault Systems).
A Connex 500 (Stratasys) MJ printer was utilized to print all the samples, utilizing
the base materials VW+ and TB+. Six different combinations of the base materials
were investigated; DM40, DM50, DM60, DM70, DM85, and DM95. The naming
convention is based on the equivalent Shore A hardness of each material. Therefore,
DM40 is a Digital Material with a Shore A hardness of 40.
Stratasys the manufacturer of the Connex 500 provides basic information on the
properties of the materials. However, the information is woefully inadequate for
conducting any meaningful simulation work. Table 2.1 provides all the information
given by the manufacturer in regard to the printable materials.
Table 2.1. Material properties given by Stratasys
Strain (%) Stress (MPa)
Tango Black+ 170% - 220% 0.8 - 1.5
DM40 110% - 130% 1.3 - 1.8
DM50 95% - 110% 1.9 - 3
DM60 75% - 85% 2.5 - 4
DM70 65% - 80% 3.5 - 5
DM85 55% - 65% 5 - 7
DM95 35% - 45% 8.5 - 10
Vero White+ 10% - 25% 50 - 65
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Figure 2.2. Schematic of the Korean Standard test sample
2.3.2 Printing process
After designing the test specimen in CAD, the file was exported in a standard
tessellation file (STL) format usable in conventional AM slicer software. The slicer
software, Object Studio (Stratasys), is utilized to create the print path for the machine
as well as generating any support required. After the required information is sent to
the machine, the print begins depositing support material onto the build plate. Then
individual nozzles controlled by piezoelectric actuators begin depositing droplets of
material resin. Depending on the required DM different ratios of TB+ and VW+ get
deposited and mixed on the build plate, after every layer a high-powered UV light
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irradiates the printed part solidifying the uncured resin. This process is repeated
layer by layer until the full part is printed, at which point the part is removed from
the build plate and the support is cleaned off.
The Connex 500 has a limited amount of printing modes and settings available
for the users to choose from. The first is printing mode, this controls the layer height
and therefore the speed and resolution of the printed part. When only utilizing the
base materials users can select either a fast print option with a layer height of 30-
microns or a high-resolution option with 16-micron layer height. The DM printing
mode is used for default when printing composites, in this mode the layer height is
set at 30-microns. Secondly, the user can select from two finishing options, glossy or
matte. When printing with the matte option the printed part is encased in support
material giving the whole part a matte finished, whereas when using the glossy option
support material is only deposited in the required areas. Finally, users can select from
3 support settings lite, standard and heavy.
The printing settings used for this study are:
1. DM printing mode.
2. Matte finish.
3. Standard support.
2.3.3 Tensile test
In this study, we focused on one of the most used characterization tests, the
uniaxial tensile test. This is test provides sufficient information on the relationship
between the base material and the DMs created by their mixture to run FEA simu-
lations. The tensile test was conducted as a single pull-to-break test, with no cyclical
loading used for the material models. Although the Mullins effect is important in
the most elastic DMs, however, its effects become negligible at the rigid end of the
DM catalog and therefore it was decided to only test at single pull. For highly elastic
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elastomers stress-strain curves can be strain rate dependent, something not observed
in the more rigid DMs. To minimize its effect in the lower end of the DM range the
test was conducted at a slow speed (50mm/min) approaching a quasi-static state.
Fig. 2.3 shows a schematic of the testing procedure.
The testing was conducted with an Instrom 5567 universal testing machine (UTM).
Samples were loaded onto the machine, with both sides securely gripped (Fig. 2.4).
A small amount preload is added to neglect the effects of the material bulging during
the gripping phase. Strain readings are measured with a contact extensometer that is
clamped onto the gauge length of the test sample, while a load cell attached to one of
the grips measures the load. The test is conducted at a strain rate of 50mm/min and
is concluded when the sample breaks and the load cell registers a drop. The testing
machine automatically calculates the strain, stretch, and stress for each material.
19
Figure 2.3. Schematic of the test
20
Figure 2.4. Test setup
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2.4 Results and discussion
The test results are shown in Fig. 2.5, for all the DMs, tested and the base
material TB+. VW+ was displayed separately in Fig. 2.6 as to not skew the range of
Fig. 2.5. VW+ is the strongest of the materials tested, with a tensile strength above
30 MPa, like that of ABS. Conversely, TB+ was the most elastic material tested,
with a maximum strain above 120% albeit at a much lower tensile strength (under
.6 MPa). The staggering of the material properties due to the different ratios of base
materials in the mixture is clearly visible, with DM40 having a low tensile strength
less than 1 MPa and high elongation above 100% strain closely resembling TB+. At
the opposite end of the range, DM95 exhibited a much higher tensile strength above
5.75 MPa more akin to the characteristics of VW+. The tensile strength of DM95
is still only a fraction of the tensile strength of VW+, showing that the DM range
is skewed closer to the properties of TB+. Table 2.2 summarizes the results of the
tensile test.
Table 2.2. Maximum stress and strain values for the tested materials
Strain (%) Stress (MPa)
Tango Black+ 126% 0.58
DM40 110% 0.89
DM50 103% 1.03
DM60 85% 1.56
DM70 77% 2.16
DM85 74% 3.13
DM95 68% 5.91
Vero White+ 30% 33
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Figure 2.5. Stress-strain curve for DMs and TB+
Figure 2.6. Stress-strain curve for VW+
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Microstructure analysis of the fracture surface was conducted with a Scanning
Electron Microscope (SEM). Images were taken at 60x, 100x, 200x, 500x, and 1,000x
magnification clearly shows the difference between the two base materials. TB+ shows
a smooth surface with horizontal lines caused by the layer deposition process. These
lines correspond to the individual layers. VW+ displays a very different fracture
surface, with several cracks corresponding to a more brittle fracture when compared
to TB+. The horizontal stripping caused by the printing process is still visible,
although not as clearly as in the TB+ samples. Fig. 2.7 shows SEM images at 100x
magnification for TB+ and VW+.
The DMs display a varying amount of roughness on their surface, caused by the
different ratios of VW+ present in the mixture. For example, DM40 shares most of the
surface characteristics of TB+ with an almost perfectly smooth fracture. However, as
the ratio of VW+ in the DM mixture increases the surface becomes rougher as seen
in DM85 and DM95. This further proves that the DM range shares more similarities
in their composition with TB+ than with VW+. Fig. 2.8 shows SEM images at 100x
magnification for DMs.
Figure 2.7. SEM at 100x magnification for VW+ and TB+
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Figure 2.8. SEM at a 100x magnification of DMs
2.5 Summary
The work presented in this section summarizes the testing of parts printed using
MJ AM. The baseline materials TB+ and VW+, as well as 6 different DMs, were
subjected to a uniaxial tension test to record their strain-stress characteristics. The
resulting data will be used in the next section to conduct curve fittings into four
different hyperelastic material models. Additionally, SEM analysis provided insight
into the effects of base material mixing on the fracture characteristics of the DMs.
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3. MATERIAL MODEL FITTING
3.1 Nonlinear Material Models
The relationship between stress and strain for any given material is unique and
provides information on the mechanical properties of the material. This relationship
can be plotted by analyzing the deformation (strain) experienced at a given loading
(stress) condition. On linear materials, the stress-strain curve can be described by
its slope, also known as its elastic modulus. However, for nonlinear hyperelastic
materials this relationship is not easily described by a single slope, and therefore a
more complex equation is required to fully express the behavior of the material under
load. Hyperelasticity provides a way for modeling the stress-strain relationship of
materials that do not conform to conventional linear elastic models. Melvin Mooney
[49] and Ronald Rivlin [50,51], Mooney-Rivlin and Neo-Hookean models.
3.2 Explanation of Models
The focus of this study is in the polynomial hyperelastic model, also called the
generalized Rivlin model [52]. This material model expresses the strain energy den-
sity function as a linear combination of strain invariants of the left Cauchy-Green
deformation tensor and constants. Special cases of the polynomial model can yield
both mechanistic and phenomenological models. Depending on the value of N differ-
ent models can be derived from this general formula, different values are shown table
3.1.
W =
N∑
i+j=1
cij(I1 − 3)i(I2 − 3)j +
M∑
m=1
Dm(J − 1)2m (3.1)
The strain invariants I can also be expressed in terms of the three principal
stretches λ1, λ2, and λ3 as shown in equations (3.2),(3.3), and (3.4). Meanwhile
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Table 3.1. Values used for the different forms of the polynomial model
N c01 c10 c11 c20 c02
Neo-Hookean 1 0 Fitted - - -
Mooney Rivlin 2 1 Fitted Fitted - - -
Mooney Rivlin 3 2 Fitted Fitted Fitted 0 0
Mooney Rivlin 5 2 Fitted Fitted Fitted Fitted Fitted
the stretch is related to the final length li and the initial length Li according to
equation (3.5).
I1 = λ
2
1 + λ
2
2 + λ
2
3 (3.2)
I2 = λ
2
1λ
2
2 + λ
2
2λ
2
3 + λ
2
3λ
2
1 (3.3)
I3 = λ
2
1λ
2
2λ
2
3 = J
2 (3.4)
λi =
li
Li
(3.5)
For incompressible materials, the third strain invariant yields.
I3 = λ
2
1λ
2
2λ
2
3 = 1 (3.6)
J =
√
I3 = λ1λ2λ3 = 1 (3.7)
Which in turn makes the second part of the equation negligible.
W =
N∑
i+j=1
cij(I1 − 3)i(I2 − 3)j (3.8)
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In the case of simple tension, two of the three principal stretches are equal when
dealing with incompressible materials. The stretch along the axis of tension λ1 can
be expressed as λ.
λ1 = λ (3.9)
λ2 = λ3 (3.10)
Taking this into account and utilizing equation (3.6) the stretches can be expressed
in terms of a single stretch parallel to the axis of tension.
λ2 = λ3 =
1√
λ
(3.11)
Utilizing these new expressions for the stretches the equations for the invariants
can be rewritten.
I1 = λ
2 +
2
λ
(3.12)
I2 = 2λ+
1
λ2
(3.13)
The relationship between engineering stress and stretch for incompressible mate-
rials under tension was published by Rivlin and is used to derive the equations for
the given material models in terms of stress. This is necessary as the data acquired
from the UTM is expressed in terms of engineering stress.
σeng = 2(λ− 1
λ2
)(
δW
δI1
+
1
λ
δW
δI2
) (3.14)
Where:
σeng: Engineering stress
W : Strain energy
λ: Stretch parallel to σeng
I1,I2: Strain invariants
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3.2.1 Neo-Hookean
The Neo-Hookean hyperelastic material model used for predicting non-linear stress-
strain responses for elastic materials. The curve of the NH model is initially linear
but tapers off at a given point, this useful when modeling polymers. Plastics and
rubbers will initially stretch as the polymer chains move relative to each other until
they have reached the maximum point which the covalent bonds will allow, at this
point, the elastic modulus will increase rapidly. A drawback of this model is its in-
ability to model the increase in modulus at higher strains which makes it inadequate
for modeling materials beyond 20% [53]. This model is suitable for approximations
when data is insufficient.
The NH model can be derived from the polynomial hyperelastic model by utilizing
the constants shown in table 3.1.
W =
µ
2
(I1 − 3) (3.15)
The only parameter in the NH model is expressed in terms of the shear modulus.
c10 =
µ
2
(3.16)
3.2.2 Mooney Rivlin
The Mooney-Rivlin 2-parameter model is a widely used phenomenological mate-
rial model, however, it is only one of the several cases derived from the generalized
Rivlin hyperelastic material model. Other widely used versions of the model are the
3-parameter, the 5-parameter, and the 9-parameter Mooney Rivlin models. This can
be obtained by utilizing the constants summarized in table 3.1. All MR models are
based on the strain energy density function expressed in terms of a linear combination
of the two invariants of the left Cauchy-Green deformation tensor. Depending on the
required shape of the curve different number of parameters can be used, a higher
number of parameters tend to offer a closer fit [54]. However, a higher number of
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parameters tend to make computational simulations very computationally demand-
ing. In this study 3 different cases of the MR model were used, the 2-parameter,
3-parameter, and 5-parameter models, their strain energy density formulas are these:
W = c10(I1 − 3) + c01(I2 − 3) (3.17)
W = c10(I1 − 3) + c01(I2 − 3) + c11(I1 − 3)(I2 − 3) (3.18)
W = c10(I1− 3) + c01(I2− 3) + c20(I1− 3)2 + c11(I1− 3)(I2− 3) + c02(I2− 3)2 (3.19)
3.3 Model Derivation
3.3.1 Neo-Hookean
Starting from the strain energy density function and utilizing the relationship
between engineering stress the derivation for a more usable function was conducted.
W =
µ
2
(I1 − 3) (3.20)
Recalling the relationship between strain energy density function and engineering
stress in in equation (3.14) we take the partial derivatives with respect to the 2
invariants we get:
δW
δI1
=
µ
2
(3.21)
δW
δI2
= 0 (3.22)
Utilizing these values in the equation for engineering stress (3.14) we get:
σeng = 2(λ− 1
λ2
)(
µ
2
+
1
λ
(0)) (3.23)
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After simplifying the resulting equation is now in terms of engineering stress and
stretches, making it more suitable for fitting procedures utilizing data from a UTM.
σeng = 2(λ− 1
λ2
)(
µ
2
) (3.24)
3.3.2 Mooney Rivlin 2 parameters
Starting from the strain energy density function and utilizing the relationship
between engineering stress the derivation for a more usable function was conducted.
W = c10(I1 − 3) + c01(I1 − 3) (3.25)
Recalling the relationship between strain energy density function and engineering
stress in in equation (3.14) we take the partial derivatives with respect to the 2
invariants we get:
δW
δI1
= c10 (3.26)
δW
δI2
= c01 (3.27)
Substituting these values into the equation (3.14) now in terms of engineering
stress and stretches, making it more suitable for fitting procedures utilizing data
from a UTM.
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c01) (3.28)
3.3.3 Mooney Rivlin 3 parameters
Similarly to the previous derivation we utilize the strain energy formula for MR3
and conduct the partial derivatives in respect to strain energy.
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W = c10(I1 − 3) + c01(I2 − 3) + c11(I1 − 3)(I2 − 3) (3.29)
The results from the partial derivatives give:
δW
δI1
= c10 + c11I2 − 3c11 (3.30)
δW
δI2
= c10 + c11I1 − 3c11 (3.31)
Utilizing these values in equation (3.14):
σeng = 2(λ− 1
λ2
)(c10 + c11I2 − 3c11 + 1
λ
(c10 + c11I1 − 3c11)) (3.32)
Rearranging the formula:
σeng = 2(λ− 1
λ2
)(c10 + c11I2 − 3c11 + 1
λ
c10 +
1
λ
c11I1 − 1
λ
3c11) (3.33)
Grouping the constants together:
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 + c11(I2 − 3 + I1
λ
− 3
λ
)) (3.34)
Utilizing equations (3.12) and (3.13) and substituting in the equation above:
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 + c11((2λ+
1
λ2
)− 3 + (λ
2 + 2
λ
)
λ
− 3
λ
)) (3.35)
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 + c11(3λ+
3
λ2
− 3 + 3
λ
)) (3.36)
By simplifying the equation above the MR3 model can be expressed in terms
applicable to the data gathered by the UTM.
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 + 3c11(λ− 1 + 1
λ
+
1
λ2
)) (3.37)
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3.3.4 Mooney Rivlin 5 parameters
Utilizing the MR5 strain energy equation below we will derive an equation in
terms of engineering stress and stretches similarly to the process done for the other
models.
W = c10(I1− 3) + c01(I2− 3) + c20(I1− 3)2 + c11(I1− 3)(I2− 3) + c02(I2− 3)2 (3.38)
Recalling the equation (3.14) we take the partial derivatives of the equation above in
respect to the two strain invariants resulting in the two equations below:
δW
δI1
= c10 + 2c20I1 − 6c20 + c11I2 − 3c11 (3.39)
δW
δI2
= c10 + 2c02I2 − 6c02 + c11I1 − 3c11 (3.40)
Substituting these values into equation (3.14) we get:
σeng = 2(λ− 1
λ2
)((c10+2c20I1−6c20+c11I2−3c11)+ 1
λ
(c10+2c02I2−6c02+c11I1−3c11))
(3.41)
Rearranging the terms and grouping by constants:
σeng = 2(λ− 1
λ2
)(c10+2c20I1−6c20+c11I2−3c11+ 1
λ
c10+
2I2
λ
c02− 6
λ
c02+
I1
λ
c11− 3
λ
c11)
(3.42)
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 +2c20(I1−3)+ 2
λ
c02(I2−3)+c11(I2−3+ I1
λ
− 3
λ
)) (3.43)
Utilizing equations (3.12) and (3.13) and substituting in the equation above:
σeng = 2(λ− 1
λ2
)(c10 +
1
λ
c10 + 2c20((λ
2 +
2
λ
)− 3) + 2
λ
c02((2λ+
1
λ2
)− 3)+
c11((2λ+
1
λ2
)− 3 + (λ
2 + 2
λ
)
λ
− 3
λ
))
(3.44)
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Simplifying and rearranging the equation makes it possible to relate the MR5
model to the data gathered from the tensile test which is terms of engineering stress
and stretches.
σeng = 2(λ− 1
λ2
)(c10+
1
λ
c10+2c20(λ
2+
2
λ
−3)+ 2
λ
c02(2λ+
1
λ2
−3)+3c11(λ−1− 1
λ
+
1
λ2
))
(3.45)
3.4 Model Fitting Results
Utilizing the included capabilities of ANSYS Workbench a regression analysis
utilizing the least squares method was conducted to fit the test data into the four
different models. The resulting parameters for the material models are summarized
in tables 3.2-3.5 below. Additionally the Least Squares Error (L.S.E) associated to
each fitting procedure is tabulated along with the constants.
Table 3.2. Model constants for Neo-Hookean
MPa TB+ DM40 DM50 DM60 DM70 DM85 DM95
µ 0.27381 0.37261 0.52596 0.81594 1.3132 2.1689 4.9548
L.S.E. 15.76 19.36 14.86 10.96 11.92 18.84 48.62
Table 3.3. Model constants for Mooney Rivlin 2
MPa TB+ DM40 DM50 DM60 DM70 DM85 DM95
C10 0.11038 0.19407 0.34978 0.43052 0.47794 0.32347 -2.1776
C01 0.04228 -0.01166 -0.12353 -0.03125 0.24418 1.0545 6.5737
L.S.E. 14 19.25 12.24 10.87 10.95 13.71 26.08
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As part of the fitting procedure, ANSYS calculates the value for the residual error
associated with each material. These values were plotted in Fig. 3.1, and give an
initial comparison of the accuracy of the models. Material models with more constants
(NH has one, MR2 has 3 and MR 5 has 5) also have more inflection points in their
stress-strain curve. The NH model displays a single curvature (Fig. 3.7) while the
MR5 models show multiple curvatures (Fig. 3.10). This is of importance with the
most rigid materials as they see a higher stiffening effect at larger elongations, which
is observable in the stress-strain curves of DM70, DM85 and DM95 at strains higher
than 50 %. Therefore, the models with the higher number of constants display a
lower residual error, as they can fit the curves better at higher elongations.
Figure 3.1. Least Square Error associated with the ANSYS fitting
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3.4.1 Neo-Hookean
As shown in Fig. 3.1 the residual error of the NH model for DM95 is the highest
among the other materials. The curve in Fig. 3.7 shows that NH does not accurately
represent DM95, conversely, the NH models for the TB+ fits accurately up to its full
elongation. The NH models for DM40 and DM50 fits well up to 80% strain. While
the models for DM60, DM70 and DM85 are accurate up to 60% strain.
The NH does not account for any strain stiffening effects, therefore at higher
elongation, the model under-predicts the actual stress values for materials like DM60,
DM70, and DM85. The NH model is suitable for all DMs except DM95 when a
mechanistic model is desired and simulated strains will be less than 20%.
Figure 3.2. Stress-strain curves generated from the fitting procedure
of the NH model
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3.4.2 Mooney Rivlin 2 parameters
The MR2 model (Fig. 3.8) lacks the ability to model the stiffening effects observed
in the DMs at higher elongations. However, its still suitable for modeling all the
materials for longer strains than the NH model. Additionally, the curve for DM95
has a steeper initial slope that fits the material suitably at strains lower than 25%. As
seen in Fig. 3.1 the residual error is substantially lower for DM95 and overall lower for
all other materials. This is one of the most widely used models and is available in most
FEA packages as standard making it a suitable option for preliminary simulations.
The MR2 model is a good option when a phenomenological model is acceptable and
computational power is limited.
Figure 3.3. Stress-strain curves generated from the fitting procedure
of the MR2 model
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3.4.3 Mooney Rivlin 3 parameters
The MR3 models accurately fit all the materials as seen in Fig. 3.9, moreover
as seen from Fig. 3.1 the residual error for this model is markedly smaller than
that of the MR2 and NH models. However, this comes at the expense of much
higher computational demands during numerical simulations and adds the risk that
the simulate might not converge on a result. This model is particularly suited for
modeling the two strongest DMs, DM95 and DM85 at higher strains. When there are
no computation limits, or the simulations require strains beyond 30% this the best
fitting model.
Figure 3.4. Stress-strain curves generated from the fitting procedure
of the MR3 model
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3.4.4 Mooney Rivlin 5 parameters
As per Fig. 3.1 the MR5 model has the smallest residual error, and the stress-
strain curves accurately fit all the materials (Fig. 3.10). However, the higher com-
putational demands suffer from diminishing returns, as they are not markedly better
than the results from the MR3 model. Similarly, to the MR3model, the MR5 is suited
for modeling the two strongest DMs, DM95 and DM85 at their full elongation.
Figure 3.5. Stress-strain curves generated from the fitting procedure
of the MR5 model
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3.5 Results for Model fitting at 30% strain
Similarly to the previous fitting procedure ANSYS Workbench was utilized for
the regression analysis. The material were fitted utilizing the tensile test data up
to 30% strain. The resulting parameters for the material models are summarized in
tables 3.6-3.9 below. The Least Squares Error (L.S.E) associated with the regression
analysis are tabulated along with the model constants.
Table 3.6. Model constants for Neo-Hookean fitted up to 30% strain
MPa TB+ DM40 DM50 DM60 DM70 DM85 DM95
µ 0.30622 0.38572 0.50473 0.81634 1.37520 2.43680 6.66260
L.S.E 11.89 12.91 4.96 7.54 9.51 14.47 32.02
Table 3.7. Model constants for Mooney Rivlin 2 fitted up to 30% strain
MPa TB+ DM40 DM50 DM60 DM70 DM85 DM95
C10 -0.19382 -0.27101 -0.08034 -0.30090 -0.93179 -2.69040 -15.56600
C01 0.40728 0.54493 0.38725 0.82836 1.90110 4.62520 22.71500
L.S.E 6.7928 7.4058 3.0348 4.3974 3.8951 5.1527 10.99
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Figure 3.6. Least Square Error associated with the ANSYS fitting
up to 30% strain
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3.5.1 Stress Strain curves for the 30% strain fitting
Figure 3.7. Stress-strain curves generated from the fitting procedure
of the NH model up to 30% strain
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Figure 3.8. Stress-strain curves generated from the fitting procedure
of the MR2 model up to 30% strain
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Figure 3.9. Stress-strain curves generated from the fitting procedure
of the MR3 model up to 30% strain
48
Figure 3.10. Stress-strain curves generated from the fitting procedure
of the MR5 model up to 30% strain
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3.6 Shore A Hardness model simplification
Hardness testing of elastic materials tends to be a very easy and simple way of
characterizing a material and can provide some initial insight into the behavior of a
material during loading. While strain vs stress characterization provides the required
information to fully model a material it is much more complex and sometimes not
a viable option. Therefore, for initial applications, empirical formulas are sometimes
used to calculate the modulus of elasticity from given hardness values. Knowing the
hardness of a material makes it possible to come with an initial modulus of elasticity
that can be used for preliminary simulations at small strains.
These approximations tend to yield better information than the secant modulus
values that are commonly reported on manufacturers data sheets. These values tend
to be good approximations for elongations lower than 20%, which the same point at
which the NH model starts becoming unreliable. In the case of DMs, the approxi-
mations can provide a starting point for users trying to select a given material for
their desired application. Furthermore, if Stratasys releases new materials, or allows
for more tunability of the material mixtures, the hardness formulas can provide in-
formation on the probable material characteristics of the new DMs without having
to conduct extensive testing.
In this study, three formulas (Eqs. (3.46) to (3.48)) were utilized and compared,
following similar studies conducted by Dow Corning [55] and other researchers [56].
Gent initially postulated a formula (Eq. (3.46)) that relates the Shore A hardness to
Youngs modulus [57], this formula tends to work best for hardness values between 40
and 80. Shortcomings from Gents formula at lower hardness values were rectified with
another equation based on the error formula (Eq. (3.47)) from a British standard 903
for testing vulcanized rubber which tends to fit a wider range of hardness values [56].
Finally, another equation (Eq. (3.48)) was postulated to provide a different approach
to using the hardness values [58].
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These equations relate the modulus of elasticity E to the Shore A hardness S,
and can be used as approximations when no other data is available.
E =
(.0981)(56 + 7.62336 ∗ S)
(.137505)(254− 2.54 ∗ S) (3.46)
S = 100erf(
√
E(3.186 ∗ 10−4)) (3.47)
log10E = .0235 ∗ S − .06403 (3.48)
The values for each of the calculated Young’s modulus are displayed in table 3.10.
When compared to the values of the secant modulus (Table 3.11) it is shown that the
calculated moduli are not very accurate approximations. However, Gents equation
provides a relatively good approximation for low strains, especially when compared
to the secant modulus at 5%. A comparison between the calculated values and the
secant modulus is shown in table 3.12.
Table 3.10. Shore-A hardness values calculated from the empirical formulas
Material Shore A Hardness Error Calc. Gent. Calc. Log E Calc.
MPa MPa MPa
TB+ 27 0.59 1.01 0.99
DM40 40 1.35 1.69 1.99
DM50 50 2.24 2.46 3.43
DM60 60 3.49 3.61 5.88
DM70 70 5.29 5.52 10.11
DM85 85 10.21 13.18 22.76
DM95 95 18.92 43.83 39.1
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Table 3.11. Secant modulus of the materials tested
1% 5% 10% 25% 50% 75% 100% 125%
TB+ 2.9 1.12 0.86 0.664 0.55 0.496 0.474 0.474
DM40 3.78 1.46 1.12 0.844 0.714 0.705 0.761 -
DM50 3.09 1.62 1.41 1.148 1.032 1.075 1.25 -
DM60 5.6 2.78 2.29 1.828 1.642 1.756 - -
DM70 9.5 5.12 4.07 2.98 2.626 2.807 - -
DM85 21.2 10.48 7.66 5.104 4.206 - - -
DM95 107 42.08 25.59 13.212 9.114 - - -
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Table 3.12. Percent difference between the calculated values and secant modulus
53
3.7 Summary
In this section data from a uniaxial tension, the test was fitted into four different
hyperelastic models based on the generalized Rivlin material model. The models used
were the Neo-Hookean model, and the two-parameter, the three-parameter, and the
five-parameter Mooney-Rivlin models. The baseline materials TB+ and VW+, as
well as six different DMs, were fitted. The parameters for each one of the materials
was summarized and the results made available for the use of conventional FEA
packages.
In addition, three different empirical formulas for calculating Young’s modulus
from the shore A hardness were compared against the secant modulus at different
strains. The results showed that for initial simulations the Gent equation (Eq. (3.46))
can give initial approximations at strains lower than 5% when other data is not
available. If new DM formulations are released or future printer generations allow for
more freedom when tuning the material ratios this equation would give preliminary
approximations, without requiring any complex characterization.
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4. VALIDATION OF MODELS
4.1 Material model validation
To validate the accuracy of the models FEA simulations were conducted utilizing
the 4 different material models. The resulting data was compared was compared to
the theoretical values of the material models as well as the original data from the
tensile test. The simulations were conducted in a way that replicated the original
tensile test. Subsequently, the accuracy of the models when used on multi-material
samples was studied. A comparison between the strain maps generated by FEA
simulations and physical tests were conducted. The results confirmed the validity of
the models for multi-material simulations.
4.1.1 Test specimen
To recreate the tensile test, the same KS-M6518 test samples were utilized in the
simulation. However, to speed up the simulation a 2D simplification was used. This
was required due to the high computation demands of the MR3 and MR5 models.d
Fig. 4.1 shows the 2D simplified sample utilized in the validation simulation.
Figure 4.1. 2D simplification of the test sample
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4.1.2 Simulation parameters
As shown in Fig. 4.2 the simulation replicates the testing conditions, with the
sample being held from one edge (datum A) while the other is subjected to a pre-
scribed displacement (datum B). The strain results were measured at the center of
the sample at the same location the extensometer recorded them in the tensile test.
While the engineering stress was calculated by measuring the reaction force at datum
B and then dividing it by the original cross-section.
Figure 4.2. Simulation set up and results
56
4.1.3 Validation results
A comparison between the simulation results and the material models is shown in
Fig. 4.3-4.6. As seen in the tensile test, the simulation results also display staggered
stress-strain curves. DM40 the most elastic DM is at the bottom of the graph, close to
TB+. While DM95 the DM with the most VW+ in its mixture is at the opposite end
with the highest tensile strength. This is true for all the simulation results regardless
of the material model. Moreover, the simulation results and the material models
display the same curve shape. Both the NH model and the simulation results start
linear and at a given point taper off. The MR2 model and simulation results display a
much more pronounced stress-strain curve, this is clearly seen in the curve for DM95.
Conversely the model and simulation results for the MR3 show two curvatures with
an inflection point in between. Similarly, the model and simulation results for MR5
display the same multi-curvature shape.
However, at strain levels beyond 50% of the max elongation for each individual
material the simulations results tend to overestimate the stress values. This is very
visible on the curves for the MR3 and MR5 models, where the simulation results very
markedly diverge from the material model. This is inaccuracy in the model is caused
by the lack of information on the remaining stress curves needed for characterizing a
material, compressive and shear. Despite this, the stress values for strains up to 40%
closely follow the theoretical values for the material models and the tensile test.
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Figure 4.3. Comparison of the stress-strain curves from the tensile
test and the simulation results for the NH model
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Figure 4.4. Comparison of the stress-strain curves from the tensile
test and the simulation results for the MR2 model
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Figure 4.5. Comparison of the stress-strain curves from the tensile
test and the simulation results for the MR3 model
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Figure 4.6. Comparison of the stress-strain curves from the tensile
test and the simulation results for the MR5 model
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4.2 Multi-Material validation
The goal of this section is to validate the accuracy of the material models when
used in multi-material simulations. Furthermore, an SEM analysis of the interface
between material regions was also conducted. This use case study will provide some
insight into the considerations required when conducting simulation on multi-material
samples.
To analyze the deformations experienced by multi-material prints strain maps
generated from FEA simulations were compared to strain maps generated from the
tensile tests. The focus of this section is on multi-material prints utilizing VW+,
DM95, DM60, and TB+. By validating the accuracy of the multi-material simulations
analysis of complex components made of two or more materials will be possible.
3D modeling and FEA simulations were conducted with SolidWorks 2016 (Das-
sault Systemes). Tensile test for the validation was performed with a 100-series mod-
ular universal test machine (UTM, Test Resources). Utilizing a video extensometer
(Vic Gauge, Correlated Solutions) and an image analysis software (Vic 2D, Corre-
lated Solutions), the strain distribution in the sample was analyzed and compared to
the FEA simulation.
4.2.1 Test Specimens
To discern the effects of multi-material prints, four different configurations were
tested. Fig. 4.7 shows the dimensions of tensile test specimens. Four sample design
plans are summarized in Table 4.1.
• Sample 1 (S1) was printed utilizing only TB+ as a baseline.
• Sample 2 (S2) includes an embedded circular island made up of VW+.
• Sample 3 (S3) has a circular graded island, with different materials radiating
from the center of the sample.
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• Sample 4 (S4) has a rectangular graded island, with different materials radiating
from the center of the sample.
Table 4.1. Summary of all the tested sample designs
S1 S2 S3 S4
Island - yes yes yes
Shape - circle circle square
Gradient - no yes yes
Figure 4.7. Multi-material test samples
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4.2.2 FEA simulation
VW+ was modeled as a bilinear material with an initial Youngs modulus of 2.0
GPa and yield point of 10 MPa, and a second modulus of 650 MPa and yield point of
30MPa. The MR2 models of TB+, DM95, and DM60 were utilized to speed up the
simulation process. The stress-strain curves are displayed in Fig.4.8 The individual
models for each material were imported into the material library of the FEA simu-
lation software (SolidWorks FEA) and assigned to the corresponding regions shown
in Fig. 4.7. Non-linear studies were used in the FEA to simulate large deformations.
Replicating the actual physical test conditions, the left side of the sample was fixed,
while the right side was displaced up to 30 mm.
Figure 4.8. Stress-strain curve for VW+, TB+, DM95, and DM60
used in the multi-material simulation
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During printing, the polymers are cross-linked by UV light after being deposited
on the build plate. This allows the base materials to mix on the DM regions, and at
the interface, at the interfaces, for some diffusion to occur. Therefore, the interface
regions between different materials were modeled as perfectly bonded. Due to the
mismatch in material properties, the transition regions were modeled with a finer
mesh. Fig. 4.9 shows the center region of S2, S3, and S4, where the multi-material
islands were printed.
Figure 4.9. Mesh refinements and material arrangement
4.2.3 Multi-material tensile testing
The tensile tests of the printed samples were conducted with the UTM. The dis-
placement was recorded with a video extensometer that measures the distance be-
tween markings on sample surface during deformation. The markings were generated
by covering the samples with black paint and then by speckling with white spray
paint to create a speckled pattern (Fig. 4.10).
The grips separate at a constant speed of 50 mm/min until the load cell recorded
a sudden drop associated with the breakage of the sample or the grip reaches 30 mm
of displacement (Fig. 4.11). The video extensometer continuously captures images of
the sample as it deforms.
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These images are then imported into the analysis software (Vic 2d, Correlated
Solutions) where the gauge block (green square in Fig. 4.12) and the analysis window
(red shaded rectangle in Fig. 4.12) are set. These two things control the strain
mapping of the sample. The analysis window grows as the sample is stretched, this
is illustrated in Fig. 4.11. For the strain map analysis of the multi-material samples,
one sample was used for the comparison.
Figure 4.10. Multi-material sample preparation
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Figure 4.11. Schematic of the multi-material tensile test
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Figure 4.12. Multi-material test analysis software set-up
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4.2.4 Multi-material validation results
The strain patterns of S1-S4 produced by the extensometer software at 30 mm
displacement are shown in Fig. 4.13. At larger deformations, cracking of the paint on
the sample surface affects the data acquisition and causes holes on the strain maps. As
S1 deformed, it experienced uniform strain levels, shown by an almost uniform color
throughout the gauge length. In contrast, multi-material samples (S2-S4) exhibited
distinct strain patterns caused by the shape of embedded material islands. S2 and S3
display similar strain distributions as they share the same underlying shape. However,
S3 which has a graded transition, displays lower strain surrounding the VW+. The
strain gradient shown in S3 is also observed in S4, this gradual transition is caused
by the different levels of compliance in the DMs surrounding the rigid center.
The strain patterns produced by the FEA simulation are shown in Fig. 4.14. The
strain patterns for each sample were analogous to those from the tensile test (Fig.
4.13). The single material sample, S1, showed uniform strain levels throughout, while
the multi-material samples displayed unique strain distributions depending on the
shape of the embedded island. S1 displays a maximum strain level of 26%, shown in
green throughout its gauge length. S2, the first sample with an embedded rigid island
experienced lower strain levels on the TB+ regions and high strain concentration
levels at the VW+ interface. Conversely, S3 the first graded island sample, showed
lower levels of strain immediately surrounding the VW+ region. Each material region
experiences varying degrees of strain; with VW+ showing less than 1% strain, DM95
being more compliant experienced less than 2%, DM60 had a maximum of 20% strain
and TB+ the most elastic material experiences strain in the range of 20% to 40%. S4,
which also has a graded transition, displays a similar pattern of strain distributions
as S3, with the VW+ region experiencing no strain and each subsequent material
region experiencing higher levels of strain.
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Figure 4.13. Strain map generated by the non-contacting extensometer software
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Figure 4.14. Strain map generated by the simulation results
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A comparison of the strain values and locations between the simulation and the
physical test for S1-S4 are shown in Fig. 4.15. The location of maximum strain in
each sample occur closer to the embedded islands on the simulation results. This
disagreement is associated with the geometric assumption in FEA model. The sim-
ulation model assumes perfect boundary and bonding between different materials
(VW+, DMs, and TB+). However, during printing and curing phases, the inks
diffuse into each other at the interface between the heterogeneous materials. This
inter-ink diffusion creates an intermediate region that reduces the abrupt change in
material properties and stress.
The interface region can be observed in Fig. 4.16, which shows the interface region
between TB+ and VW+. Both SEM (Fig. 4.16a) and visual (Fig. 4.16b) images of
the transition region show an intermediate region between the two materials. This
intermediate area occurs at the junction between any two materials and is caused
by mixing prior to curing. This diffusion region strengthens the bond between the
different materials while also creating an unintended area with intermediate material
properties.
As shown in the inset of Fig. 4.15, the break occurs at some distance from the
embedded islands in the gradient materials and a close distance in the single material
sample. The gradient transition reduces the amount stress that TB+ experiences at
the region close to the center of the sample, shifting the stress concentration away
from the center causing the break to occur in the TB+ region. In S2 the highest
concentration occurs at the junction between VW+ and TB+ causing the break to
occur near the interface between the two materials. As shown in other publications,
the interface between materials is not inherently weaker and therefore not necessarily
where the break will occur.
72
Figure 4.15. Comparison of the strain maps for all samples
Figure 4.16. Cross-sectional analysis of the interface region between
VW+ and TB+ in both (a) SEM image and (b) visual image
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A strain level comparison between the simulation results and the tensile test data
for S1-S4 is shown in Figs. 4.17-4.20. The probe points were selected from the center
of the sample towards the edge of the analysis window (in the tensile test) or the
grip boundary (in the simulation). 21 points were selected for the simulation results
plotted at 3.25 mm intervals, while for the tensile test, a line was plotted from the
center to the edge of the viewing window and multiple points along that line being
analyzed. As shown in Figs. 4.17-4.20, both physical test and FEA results show
almost identical strain curves.
S1 exhibits a slow decrease in strain as the points move away from the center to
the grip (Fig. 4.17). S2 displays low levels of strain at the center of the sample and
as the points transition away from the VW+ (i region) to the TB+ (iv region) the
strain rapidly increases approximately to 35% and then slowly decreases (Fig. 4.18).
Meanwhile the samples with the gradient transition (S3 and S4) exhibit a gradual
change in strain levels as shown in Fig. 4.19 and Fig. 4.20. As mentioned before, due
to model assumptions at material junctions the simulation results have a slight shift
in their plot. The maximum strain is observed at a closer distance from the center
in the simulation results. Additionally, the un-graded island (S2) shows a sharper
increase in strain when compared to the graded island designs (S3 and S4) in both
simulation (Fig. 4.21) and physical test (Fig. 4.22).
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Figure 4.17. Probe analysis of strain levels between the simulation
result and physical test for S1
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Figure 4.18. Probe analysis of strain levels between the simulation
result and physical test for S2
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Figure 4.19. Probe analysis of strain levels between the simulation
result and physical test for S3
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Figure 4.20. Probe analysis of strain levels between the simulation
result and physical test for S4
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Figure 4.21. Comparison of strain levels for the simulation results of
S2, S3, and S4
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Figure 4.22. Comparison of strain levels for the tensile test results of
S2, S3, and S4
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4.3 Summary
In this section, the newly fitted material constants were used in an FEA simula-
tions to validate the accuracy of the material models. The simulation results displayed
the same staggered behavior as seen in the tensile tests and the material models. How-
ever, the simulation results diverged from the material model for strain values above
40%. This was attributed to the lack of information on the other stress states, shear
and compression when fitting the model. The divergence was more pronounced on
the MR3 and MR5 models.
While the current simulation results tend to overestimate the stress values at
elongations over 40% the material constants found in this study provide a starting
point in the comprehensive characterization of DMs printable with MJ.
This section has also shown that the FEA method can be utilized to predict
the deformation and stress concentrations of multi-material parts printed, such as
FGMs, by the MJ printer. The uniaxial tension test results matched well with the
strain distributions predicted by FEA simulations based on our material models. The
material models and FEA methods studied herein facilitate the design of FGMs in
advanced applications with high fidelity of predictive analysis. Based on the result of
this study, it is possible to create a desired strain field by locally changing the ratio
of the DMs without changing the overall shape.
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5. CASE STUDIES
5.1 Flexible-elastic circuits
This section presents a novel way for designing and manufacturing elastic sub-
strates with embedded isolating regions for rigid component placement using a com-
mercial material jetting printer (Connex 500, Stratasys). Transition regions between
the rigid isolators and the elastic matrix material are printed with digital materials.
In this use case, TB+ is used as the elastic matrix and VW+ for the rigid isolators.
DM60 and DM95 were used as the transition materials due to their intermediate
material properties.
Horseshoe interconnect pattern was stencil printed on to the substrate utilizing
an elastic silver(Ag)-nanoparticle paste. A zero-ohm resistor was placed and sol-
dered on the embedded stress isolator to mimic an off-the-shelve surface mounted
device (SMD). Tensile testing was performed to evaluate reliability of the integrated
stretchable electronics based on the additively manufactured elastic substrates.
5.1.1 Tensile test sample:
The samples share the same overall design (Fig. 5.1), at opposite ends, there is
a rigid section to facilitate gripping, will the section in the center is printed in TB+
making it highly elastic. Close to the gripping areas embedded isolators are located
allowing for the secure connection of the measurement probes. Three different samples
were tested and compared, the sample designs are shown in Fig. 5.2 below. The
baseline sample has no embedded isolating region, while sample two has a circular
isolator made up of VW+. The final sample has a gradient isolator composed of the
VW+, DM95, and DM60.
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Figure 5.1. Baseline test sample dimensions
Figure 5.2. Design of all the test substrate samples
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5.1.2 Circuit design:
Using conventional meander patterns, the circuit was designed as a repeating
horse-shoe or S. The parameters used to describe the repeating pattern and the
representing shape is shown in Fig. 5.3. A 1210 zero-ohm resistor was utilized as a
shunt, mimicking a conventional SMD component. DuPonts PE 872 conductive paste
was utilized to create the circuits.
Figure 5.3. Circuit design schematic
5.1.3 Sample preparation
After printing the sample and conducting the necessary post-processing the sam-
ples were stencil printed. The circuit-printing process was conducted in three main
steps, summarized in Fig. 5.4. First, the desired interconnect pattern is cut on a
plot cutter. The design is then overlaid on the sample and utilizing a blade the con-
ductive paste spread across. The sample is then cured or sintered depending on the
requirements of the conductive ink used. Subsequently, cold solder is applied in the
desired locations and finally the necessary components placed on the substrate.
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Figure 5.4. Schematic of sample preparation
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5.1.4 Flexible-Elastic circuit results
Using a tensile test setup in a universal testing machine (TestResources), samples
were secured with a fixed grip while the opposite grip was moved back at a constant
velocity (1mm/s) until the desired elongation was reached (30% strain). While the
sample is being strained, a constant voltage is being run through the circuit and the
current measured, these values are then used to calculate the resistance of the sample
under strain. Fig. 5.5 shows the testing setup, while Fig. 5.6 shows the three samples
at full elongation (30% strain).
Figure 5.5. Test set up for the flexible electronic samples
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Figure 5.6. Deformed images of the test samples
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In this section, its been shown that MJ is an applicable process for the creation of
elastic circuits with rigid components. Furthermore, this process allows for gradient
transitions to be incorporated in the design of the flexible substrate increasing the
protection of the rigid components on the substrate. The data from the test was
plotted for the three samples. Fig. 5.7 shows the delta resistance vs strain curves for
all of the samples tested. While the baseline sample was conductive up to 10% the
isolator samples were both conductive at higher strains (upward of 15% strain).
Figure 5.7. Delta resistance vs strain comparison of the tested samples
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5.2 The Swollen-Off process
In this section, a novel method for fabricating 3D circuits on 3D substrates is
presented. The method leverages the different hygroscopic swelling behavior of two
different polymeric materials. A sample part was printed with two different polymers
shaped as a cube. The surface of the part is electroless plated with nickel (Ni).
Subsequently, the desired conductive pattern is achieved by selectively removing the
sacrificial material of the cube. The removal of the sacrificial material is conducted
utilizing the swollen off method.
The Swollen-off process takes advantage of the absorption disparity between the
two printed materials. As one of the materials absorbs markedly more solvent, it
experiences larger hygroscopic swelling. This, in turn, causes high-stress concentra-
tions at the interface between the two materials. The swollen material is then easily
separated from the main body of the part, resulting in the metallic patterns formed
on the polymeric surface of the 3D printed cube. Therefore, this process is capable
of selectively metalizing 3D surfaces and internal cavities
5.2.1 Sample design
A 3D patterned cube was designed utilizing Computer-Aided Design (CAD) soft-
ware and fabricated with a multi-material 3D printer (Objet260 Connex, Stratasys
Ltd.). The base substrate was composed of a rigid material Vero White+ (VW+).
Areas printed with VW+ will remain after the swollen-off procedure. While the sac-
rificial mask pattern was printed on Tango Plus (TP) a highly elastic polymer similar
to silicone rubber. The line width and thickness of the TP patterns was 500 m.
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Figure 5.8. Swollen-off cube sample design
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5.2.2 Sample preparation
After the post-processing of the printed part, the swollen-off process was con-
ducted. This process consists of 2 steps, metalizing phase, adsorption and swollen off
phase. The process is summarized in Fig 5.9 below.
Figure 5.9. Schematic of the swollen-off process
Electroless Plating:
The surface of the printed cube is treated with an acidic etchant and dipped in
a neutralizer for a minute prior to the electroless plating procedure. Subsequently, a
Palladium (Pd) activator and an accelerator are employed as catalyst sites to initiate
the electroless plating. Finally, electroless plating of Ni is conducted for 10 minutes
with an adjusted pH of 9.
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Adsorption and Swollen-off phase:
After the cube has been successfully plated the cube is immersed in ethanol for
one hour. This causes the materials to absorb the ethanol, due to this adsorption
the materials swell up. However, since the VW+ adsorbs markedly less than TP and
therefore expands much less, the interface regions for the two materials are subjected
to high concentrations of stress. The cube is then treated with ultrasonic bath to
rinse off the ethanol and promote the separation of TP from the cube.
5.2.3 Swollen-off process results
The focus of this use case was to present a novel method for electroless plating on
3D printed structures. The Swollen-off, an evolution of the lift-off process commonly
used in the micro-fabrication process. The Swollen-off process demonstrated in this
section provides a simple way of producing electrical devices on complex 3D surfaces.
This process was used to create conductive circuits 500 m wide made of nickel (Ni)
on the surfaces of the 3D printed cube.
Fig. 5.10a shows the 3D printed cube composed of the TP patterns embossed on
the surface of the VW cube. The successfully plated part is shown in Fig. 5.10B.
TP layer is swollen-off after the immersion of the cube in ethanol for one hour (Fig.
5.10C). The VW areas covered with TP were left exposed after swollen-off process
resulting in selectively patterned Ni trace. The Ni plating remains on the surface of
the cube as shown in Fig. 5.10D.
Figure 5.10. Results of the swollen-off process
92
6. SUMMARY, CONCLUSION AND RECOMMENDATIONS
6.1 Summary
The work involved in this study present the an analytical, experimental and nu-
merical foundation for the use of multi-material parts printed with Material Jetting
(MJ). Characterization of the mechanical properties and model fitting was success-
fully conducted for two of the most used base materials, Tango Black+ (TB+) and
Vero White+ (VW+) and the composites printable from their mixture, DM40, DM50,
DM60, DM70, DM85 and DM95.
6.1.1 Physical testing:
The initial step for the characterization of the MJ materials was physical testing.
Standardized testing procedures as per the Korean standard (KS-M6518) were utilized
to gather data on the stress-strain curves for all the materials. Section two details
the entirety of the process as well as a summary of the mechanical properties of the
materials. Additionally, Scanning Electron Microscopy (SEM) was utilized to study
the fracture surfaces of all the test samples. The resulting images showed that the
fracture surface for the two base materials is markedly different. Furthermore, it was
shown that both the fracture surface and material properties of the DMs are more
like those of TB+ than those of VW+.
6.1.2 Material models:
The resulting data gathered in section two was utilized in section three to fit
the curves of all the tested samples into four different polynomial hyperelastic ma-
terial models. The four different forms of the generalized Rivlin model used were:
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The Neo-Hookean model (NH), the two-parameter Mooney Rivlin model (MR2), the
three-parameter Mooney Rivlin model (MR3), and the five parameter Mooney Rivlin
model (MR5). The constants for the material models as well as the derivation of
the material models are summarized in section three. Additionally, empirical for-
mulas for approximating the modulus of elasticity from Shore A hardness were also
investigated. In the event that Stratasys releases new materials or allows for more
customization on the DM mixtures, these empirical formulas provide an inexpensive
and simple method for obtaining some information on the mechanical properties of
the new materials.
6.1.3 Validation of the models:
In order to prove the accuracy of the newly fitted models, Finite Element Anal-
ysis (FEA) simulations were conducted replicating the physical test conditions. The
comparison results are summarized in section four. Both MR3 and MR5 models were
accurate up to 40% and able to model all the DMs, however at the cost of higher
computational requirements and the increased risk of the simulation not converging.
Meanwhile, MR2 model was able to accurately model the materials up to 25% strain.
The NH model was capable of simulating all but DM95 up to 20% strain. One of
the biggest advantages of printing DMs is the ability to tailor specific regions of a
part with different material properties. Therefore, the accuracy of the simulations for
multi-material parts was then validated. Four different multi-material samples were
designed and printed. Subsequently, FEA simulations and physical tests were con-
ducted and the resulting strain maps compared. The results showed that the models
can accurately predict the deformation patterns of multi-material samples undergoing
tensile strain.
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6.1.4 Case studies
In section five, two case studies were used as examples of how MJ can improve
the performance of several applications. In the first example, MJ was utilized to
create customizable flexible elastic Printed Circuit Boards (PCBs) with rigid isolating
regions that enable the use of rigid off-the-shelve surface mounted devices (SMDs).
The second use case presented in this section was a novel process for creating 3
dimensional (3D) circuits. The Swollen-off process takes advantage of the absorption
disparity between the two printed materials. The sacrificial material experiences
larger hygroscopic swelling which in turn, causes high-stress concentrations at the
interface between the two materials. Prior to the immersion of the part in the ethanol
solution causing it to swell up, the part is electroless plated. Therefore, after the
removal of the sacrificial material, the remaining object has a selectively patterned
conductive surface.
6.2 Conclusion
Based on the work conducted in this study several conclusions can be made:
1. Initial characterization of the material properties of DMs printed with MJ can
be achieved by conducting tensile tests utilizing engineering standards.
2. Different hyperelastic material models can be fitted with this data with signifi-
cantly different levels of accuracy.
3. The Neo-Hookean model is applicable for simulations of small elongations for
all but the most rigid material (DM95).
4. The Mooney-Rivlin two-parameter model can be used when a phenomenological
model is acceptable and low strains will be simulated since this model fails to
account for any stiffening effects.
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5. The Mooney-Rivlin three and five parameter models accurately model the ma-
terial properties of the DMs tested, and account for the stiffening effects.
6. The Mooney-Rivlin three and five parameter models are more computationally
intensive and risk having convergence issues in certain applications.
7. The material models presented here can be utilized to simulate multi-material
parts printed with MJ.
8. Novel substrates for flexible and elastic circuits can be easily designed utilizing
these materials, additional stress relief regions can be included to facilitate the
use of rigid off-the-shelf SMD components.
9. The difference in hygroscopic swelling can be leveraged to selectively separate
materials co-printed with MJ, this, in turn, can be utilized to create conductive
circuits in 3D as shown in the swollen-off process.
6.3 Recommendations
The material models fitted in this study provide multiple options for simulating
DMs printed by MJ. The simulations conducted on both single and multi-material
objects prove the validity of these models for both uses. Furthermore, the two use-
cases presented in this work show novel ways to leverage this technology. Following
are some suggestions for further research on this topic:
Complete characterization of other stress states: A method for improving
the accuracy of the models presented in this study is by testing and characterizing the
mechanical response to other stress states such as compression and shear. Advanced
FEA software packages allow for the fitting of the material models from multiple
stress-strain curves generated from different tests.
Study of the interface regions between different materials: In this study,
it was shown that there is a small region in the junction between two distinct ma-
terials where some unintended mixing occurs. This creates a small interface region
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with intermediate material properties, the extent of this mixing hasnt been fully
characterized. Morphological analysis of this region through different means such as
nano-indentation measurements and SEM analysis should be conducted to provide
more insight into modeling of this region.
Characterization of other material properties: In the swollen-off case study
it was shown the distinct hygroscopic swelling properties of the two materials could
be leveraged to separate co-printed materials. This area of study should be expanded
to all the other materials presented in this publication. Additionally, the thermal and
dielectric properties of the DMs should be characterized and made available for wide
use.
Focus on novel uses for these materials: The ability choose the material
properties within a part at a micron scale allows for several benefits when creating
new devices with this technology. Wearable devices would benefit from more organic
interfaces between rigid components and the skin of the user, examples range from
medical sensors, prosthetic devices, and virtual reality headsets to mention some.
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